A set of three 14mer oligodeoxyribonucleotides of sequence d(5'-CTATGGCCTCAG*CT-373'-GATACCGG-AGTCGA-5') containing G* variants either as 2-deoxyguanosine phosphate (unmodified), A/7-cyanoborane 2-deoxyguanosine phosphate (base-modified) or 2-deoxyguanosine boranophosphate (backbonemodified) were synthesized by template-directed primer extension. Both the /V7-cyanoborane 2-deoxyguanosine triphosphate and 2-deoxyguanosine a-boranotriphosphate nucleotldes are good substrates for Sequenase. We infer that a single Sp boranophosphate linkage (which has a stereochemistry equivalent to the corresponding R p thiophosphate analog) is formed in the backbone-modified 14mer. Thermally induced helix-coil transitions were monitored for the hybridized duplexes using UV and circular dichroism (CD) spectroscopy. The CD spectra of the two types of boron-modified hybrids closely resemble the unmodified parent duplex, forming B-type helices in 150 mM NaCI, 1 mM EDTA, 10 mM phosphate, pH 7.4, buffer. UV melting results indicate that both hybrids have stabilities comparable with the parent duplex as measured by T m or AG°25. These studies indicate that singly modified base-or backbone-boronated DNA are good analogs of normal DNA.
INTRODUCTION
Chemically modified nucleotides have received much attention due to their potential application as antisense and antigene probes to block replication, transcription or translation of viral or cellular target sequences. Modifications have been introduced into the base, the phosphate backbone and the sugar moieties of the DNA oligomers in an effort to increase stability against degradation by nucleases, improve membrane permeability or improve thermal stability of the resultant duplexes. These attempts include modifications of the phosphodiester backbone, such as the introduction of methylphosphonar.es (1) (2) (3) (4) (5) , phosphoroamidates (6, 7) and phosphorothioates (8) (9) (10) , modifications of the sugar moieties, such as introduction of 3'-hydroxyl (11), 2'-O-alkyl, 2'-fluorine (12, 13) and the 2'-amino group (14) , and modifications to the bases, such as /V7-methyldeoxyguanosine (15, 16 ), 7-deaza-and 3-deazadeoxyadenosine (17) and 2-aminodeoxyadenosine (18) .
The use of boron neutron capture therapy (19, 20) for the treatment of malignant cancer has encouraged our laboratory to synthesize boron-containing nucleotides (21) (22) (23) and to investigate their incorporation into DNA (24, 25) . The boron modifications have been made either on the nucleobases (21) or phosphodiester backbone (21, 22) . We have shown that boranophosphate-containing dimers are very stable to hydrolysis and resistant to phosphodiesterases (23, 26, 27) , while DNA with /V7-cyanoborane guanosine is resistant to a number of restriction enzymes (25) . Both A^-cyanoborane deoxyguanosine triphosphate and deoxyguanosine a-boranotriphosphate have been successfully incorporated into DNA by DNA polymerase in vitro (24, 25 ; K. W. Porter, F. Huang, D. Briley and B. R. Shaw, unpublished results). Because of their stability towards nucleases and ability to be incorporated into DNA, boron-modified nucleotides possess potentially useful pharmacological properties.
Chemical modification of DNA exerts an influence on the chemical, physical and conformational properties of the oligonucleotides. In order to better understand the effects that incorporation of boron would have on the overall conformation and thermal stability of the duplexes we have enzymatically synthesized a set of 14mer oligodeoxyribonucleotides that differ by the type of modification of the guanine nucleotide at a single position. We have placed boron on the base (as the A?7-cyanoborane) or on the phosphate backbone (as the 5'-cc-boranophosphate) (see Fig. 1 ). Hybrid duplexes containing the appropriate boron-modified sequences (5'-CTATGGCCTCAG*CT-373'-GATACCGGAGTCGA-5', where G* is A7-cyanoborane 2'-deoxyguanosine phosphate or 2'-deoxyguanosine boranophosphate) were investigated by temperature-dependent circular dichroism (CD) and UV spectrophotometry. An unmodified parent duplex was included in the synthetic and thermal stability studies for comparison. Results show that the boron-modified DNA duplexes have conformations and stabilities comparable with that of the unmodified sequence, indicating that the influences of the modification are localized to the altered functional group. Oligomer solutions were centrifiiged through a Centricon ClOO filter, lyophilized and dissolved in 10 mM Tris-HCl, pH 7.6. Boron-containing deoxyguanosine triphosphates (dG*TP) were chemically synthesized in our laboratory (24, 25) and purified using reverse phase HPLC methods (25) . Since the oc-borano-5'-triphosphate can reside in either a R p or S p configuration at the a-phosphorus (see Fig. 6 ), the two diastereoisomers were further separated using a Delta Pack C18 reverse phase HPLC column and a mobile phase containing 86% 100 mM triethylammonium acetate, pH 6.8, and 14% MeOH (v/v) (27). The relationship between R p or S p configuration and the identity of the two HPLC peaks obtained with 2'-deoxyguanosine a-borano-5'-triphosphate diastereoisomers has not been established unambiguously, however, the isomer corresponding to the first eluted peak is incorporated much more efficiently into DNA by DNA polymerase than the isomer in the second eluted peak (K. W. Porter, F. Huang, D. Briley and B. R. Shaw, unpublished results) and was used here in the extension reaction.
The primer strand was extended enzymatically using DNA polymerase. An equal molar amount of primer and template were annealed in a manufacturer-supplied buffer (final solution 25 M/strand in 200 ^1) in the presence of a 4-fold concentration (100 nM) of three normal dNTPs (US Biochemicals) and dG*TP (dG*TP was either a /V7-cyanoborane deoxyguanosine or deoxyguanosine a-borano-5'-triphosphate; see Fig. 1 ). The primer was extended by adding 13 U Sequenase™ (US Biochemicals) at 37°C. To analyze the primer extension products a small amount of each duplex was 5'-end-labeled with 33 P (fr 33 P]ATP, >1060 Ci/mmol, Amersham) and T4 polynucleotide kinase (New England Biolabs) and separated by gel electrophoresis on denaturing 16% polyacrylamide gels (25) . Radioactivity was detected by autoradiography by exposing the gels to either film (Kodak Scientific imaging negative film) or a storage phosphor screen (Molecular Dynamics). The presence of boron in the nucleotide sequence was confirmed by electrophoresis or subsequent exonuclease digestion. The fully extended primer strand containing a N7-cyanoborane 2'-deoxyguanosine migrates slower than the unmodified strand on a denaturing gel. Strands which contain boranophosphate, unlike normal oligomers, are resistant to exonuclease III (Gibco-BRL) digestion at the modified position.
After confirming proper extension upon electrophoretic analysis, oligomers were ethanol precipitated at -20°C (1:2 v/v sample:absolute ethanol) and further desalted by extensive dialysis against distilled water performed in a BRL™ microdialysis device (Life Technologies Inc.) using 1000 mol. wt cut-off dialysis membrane tubing. Oligonucleotides were lyophilized to dryness and then redissolved in H2O to produce concentrated stock solutions (0.1-0.2 mM duplex) for optical experiments.
Preparation of oligomer solutions for optical studies
Sample solutions used in UV and CD experiments were prepared by directly diluting an aliquot of the concentrated oligomer stock solution into buffer. The final solutions contained 2-8 |JM duplex and 150 mM NaCl, 10 mM phosphate, 0.1 mM EDTA, pH 7.4. For each oligomer three concentrations were examined in order to determine the slope of plots of reciprocal melting temperature (r m~' ) as a function of lnQ, which can be used to calculate AH°a nd AS 0 . Extinction coefficients of the oligomers as single strands at 260 nm (£260) were calculated at 25 °C by the nearest neighbor method (28) . These extinction coefficients were also used to determine concentrations of the boron-containing oligonucleotides. Any concentration errors due to using UV coefficients of the unmodified monomer and dimer for boron-containing sequences were assumed to be negligible, because only one of the 14 nt was modified and because the minimal changes in CD spectra and T m values between boronated and unmodified oligonucleotides (see Results) suggested only minimal conformational changes due to boron modification. Extinction coefficients of each single strand at higher temperatures were estimated by extrapolating the upper portions of the melting curves to 25 °C (29, 30) .
UV melting
The UV absorbance versus temperature profiles were measured on a temperature-programable, thermoelectrically controlled Gilford spectrophotometer (Response II) at 260 nm. The cells were sealed with Teflon stoppers. To ensure complete hybridization of complementary strands before collecting absorbance versus temperature melting curves, the samples were incubated for 5 min at 95°C and cooled slowly to room temperature. Melting curves were obtained by increasing temperatures from 25 to 85°C at a rate of-1 °C/min. For each melting curve 120 data points were collected and analyzed. Four to nine melting curves were collected for each concentration and the standard deviations were calculated. To ensure uniform heating of the samples and equilibrium data acquisition the heating rate was reduced tõ 0.25°C/min with 600 data points for each melting curve and the reversibility of the transition was checked by reversing the process (cooling from 85 to 25°C at rates of-0.25 and 1 °CAnin). Normalized melting curves obtained using a more rapid heating rate (-1 °C/min) overlapped completely with those obtained with slower heating rate (~O.25°C/min); melting curves overlapped with cooling curves, indicating that the melting processes are reversible.
T m and thermodynamic data analyses
The reported melting temperature, T m , corresponds to a = 0.5, where a is the fraction of duplex converted to single-stranded form. Two methods have been used to calculate the enthalpies, A//°, and entropies, AS". Individual melting curves were fitted to a two-state model with sloping baselines and equations described by Kibler-Herzog et al. (31) using a least squares fitting procedure for dissociation of non-self-complementary sequences (30, 32, 33) . The program fits the experimental melting curve treating AH°, A5°, lower and upper baseline slopes and _y-intercepts of single-and double-stranded forms as variable parameters. In general the root-mean-square difference between the experimental and calculated curves was <0.5%.
In the second method the A//° and AS° values were calculated from a plot of 7" m -' versus lnC t (29) ,
where C t is the total concentration of strands, R is the gas constant and temperature is expressed in Kelvin. AG° was calculated according to AG° = AH° -TAS° at 25°C. Repetitive runs gave estimated standard deviations for the curve fitting method under all conditions of better than: T m , ± 0.2°C; AC°25, 2.5%; AH", 4.5%; AS°, 5.0%. Error limits for AH" or AS° derived from 7* m~' versus lnC t plots reflect errors in the slopes and intercepts; the r 2 correlation coefficients in the T m~l versus lnC t method were better than 0.98 in all cases.
CD spectroscopy CD spectra were recorded on a JASCO J600 spectrophotometer equipped with a water-jacketed cylindrical cell (1 cm path length) and sealed with a Teflon stopper, interfaced to and controlled by an IBM PC computer. Temperatures were increased by 5°C from 25 to 80°C using a circulating bath. CD spectra were obtained in the 200-350 nm range at 0.2 nm intervals in one scan. The CD data obtained in millidegree units were converted to mean residue ellipticity units, 0, in mdeg/cm/mol/1 (34) and the final spectral data were smoothed using JASCO J600 software.
RESULTS

Synthesis of boron-containing DNA oligodeoxyribonudeotides
Unmodified and boron-modified DNA oligodeoxyribonudeotides [d(5'-CTATGGCCTCAG*CT-3'/3'-GATACCGGAGTC-GA-5'), where G* is either an unmodified 2'-deoxyguanosine phosphate, a A7-cyanoborane 2'-deoxyguanosine phosphate or a 2'-deoxyguanosine boranophosphate] were synthesized enzymatically. Figure 2 shows an example of an autoradiograph of the synthesized products analyzed on a 16% denaturing PAGE gel. In lanes 1-3 of Figure 2 the completely extended primer strands (14mer, mol. wt -4200 Da) of the parent and boron-containing duplexes migrate faster than the template strand (14mer, mol. wt -4300 Da). Compared with the fully extended unmodified parent primer strand in lane 1, the mobility of the backbone-modified oligomer in lane 3 is unchanged, whereas the base-boronated oligomer in lane 2 is retarded slightly. Decreased mobility of A^-cyanoboronated oligomers has been observed with other sequences and has been routinely used, in addition to protection from dimethylsulfate, to confirm the incorporation of JV7-cyanoborane deoxyguanosine into DNA (25) . Figure 2 also shows that the bands corresponding to fully extended primers in all three lanes have intensities similar to those of the templates, demonstrating that most of the original 1 lmer primers have been fully extended and that boron-modified dG*TPs are incorporated into DNA as effectively as unmodified dGTP. Thus both A7-cyanoborane 2'-deoxyguanosine triphosphate and 2'-deoxyguanosine a-boranotriphosphate are good substrates for Sequenase.
Confirmation of boranophosphate incorporation was performed using the Exo III digestion reaction (which is duplex specific). Figure 3 shows the 16% denaturing PAGE gel autoradiograph of the Exo m digestion products obtained with unmodified and boron-containing oligonucleotides. Oligonucleotides that contain a boranophosphate at position 12 are 
CD spectroscopy
CD spectra for the unmodified and boron-containing DNA duplexes obtained in the 230-340 nm range at different temperatures are shown in Figure 4 . The CD spectra of the boron-containing duplexes are very similar in both intensity and shape to those of the unmodified duplex, demonstrating similar B-type conformation for all three duplexes (35) (36) (37) . Thus boron modifications either on the base or on the phosphate backbone do not greatly perturb the overall structures of the duplexes compared with the normal duplex under the conditions used. As the temperature is increased all three duplexes exhibit a single apparent isoelliptic point at 260 nm, indicating a two-state transition, consistent with results from UV melting experiments (see below).
UV melting
UV melting curves were used to determine melting temperature (r,n) values and to derive the thermodynamic parameters AH°a nd AS". All UV melting profiles obtained with unmodified and boron-containing hybridized duplexes are monophasic, consistent with a two-state model of DNA melting, and demonstrate reversible melting transitions (data not shown). The typical melting curves of boron-containing and normal duplexes are given in Figure 5 and their shapes and T m values are quite comparable, demonstrating that the unmodified and boroncontaining duplexes melt with similar degrees of cooperativity. The 7 m values are strongly dependent upon total oligomer concentration for all three samples (see below), indicating a transition from duplex to single-stranded DNA and distinguishing it from intramolecular processes, as might be seen for a hairpin melting or a destacking transition of single-stranded DNA.
The melting temperatures obtained from the UV melting curves are given in Table 1 A. Boron-containing hybrid duplexes have similar T m values relative to the unmodified duplexes. The T m values indicate that replacement of a single Watson-Crick G:C base pair in the unmodified parent sequence by a boron-modified G*:C base pairing reduces the melting temperatures by <0.7°C at 2.5 uM duplex concentration, which approaches the error limits for this kind of experiment.
Thermodynamic data derived from melting curves
Thermodynamic data for the duplex-single-strand transition can be obtained from either curve fitting or a plot of T m~* versus lnC t . Good fits between experimental and calculated melting curves (<0.5%) and linear relationships between 7" m~' and lnC t (r 2 > 0.98) indicate that the transition from duplex to single strands is a two-state process, validating this assumption in our data treatment. AG°25, and AS 0 values derived from curve fitting are listed in Table 1A and values determined from T m~l versus lnQ plots are given in Table IB . Boron-containing duplexes have similar AG°25 values relative to the unmodified duplexes; the free energy differences between boron-containing and unmodified duplexes (AAG°25) are -0.3 and -1.0 kcal/mol (Table 1 A) for the /v7-cyanoborane and boranophosphate modifications, respectively. Such small differences in AG°25 suggest that duplex stabilities in boron-containing sequences are comparable with that of the unmodified sequence.
DISCUSSION
We have demonstrated that it is possible to enzymatically synthesize DNA 14mer duplexes having in one strand either a /v7-cyanoborane 2'-deoxyguanosine phosphate or 2'-deoxyguanosine boranophosphate. Sufficient amounts of hybrid duplexes were obtained to characterize the secondary structures and thermal stabilities of each oligomer using circular dichroism and UV spectroscopy. The results show that boron-containing duplexes have thermal stabilities and conformations comparable with the corresponding unmodified duplex.
Primer extension to synthesize boron-containing DNA oligonucleotides
The sequence d(5'-CTATGGCCTCAG*CT-373'-GATACCGG-AGTCGA-5') was chosen for comparison with previous studies in our laboratory (25, 38) . By synthesizing DNA oligonucleotide analogs that are modified at the same position (nt 12) in the 14mer sequences we were able to systematically compare the influences of base and phosphate backbone boron modifications on the structure and thermal stability of the hybridized DNA duplexes.
Typically modified DNA oligonucleotides are obtained chemically using solid-phase methods and the hybrid duplexes are prepared by annealing the modified strand to a normal complementary strand. However, methods for synthesis of boronmodified oligonucleotides using a convenient solid-phase method are only now being developed. Until such syntheses become routine boron-containing oligonucleotides with desired sequences can be synthesized enzymatically via primer extension on one strand of the hybrid duplex, as in this study. Enzymatic syntheses provide boron-containing oligomers of correct sequence. Our results show that both A7-cyanoborane 2'-deoxyguanosine triphosphate and 2'-deoxyguanosine a-boranotriphosphate are good substrates for Sequenase and are incorporated into DNA as effectively as unmodified 2'-deoxyguanosine triphosphate. This technique provides enough duplex DNA for optical studies.
Phosphorus configuration in boranophosphate backbone-modified oligonucleotides
a-Boranophosphate in the backbone will result in an ^p or S p diastereoisomer at the modified phosphorus center (Fig. 6) . Although the R p or 5 p configuration of the 2'-deoxyguanosine a-borano-5'-triphosphate diastereoisomers used here has not been established unambiguously, the configurations in the triphosphate and in the oligomer can be inferred by comparing the enzymatic selectivity with the analogous phosphorothioate nucleotides. It is well known that enzyme catalysis is generally stereospecific. For phosphorothioate nucleoside triphosphates the Sp-a form is more active with DNA polymerase (39) and only the diastereoisomer with the R p configuration is a substrate for snake venom phosphodiesterase (40) . Both DNA polymerase and snake venom phosphodiesterase catalyze reactions with inversion of configuration at the thiophosphate center (39, 40) . Interestingly, the corresponding enzymatic reactions of thymidylyl-(3'-5')-thymidine boranomonophosphate dinucleotides, d(Tp-B T), with snake venom phosphodiesterase, and nucleoside a-boranotriphosphates with DNA polymerase, indicated that boranophosphate diastereoisomers show similar selectivity toward these enzymes (25) (26) (27) . Assuming that nucleoside boranophosphates have the same stereospecificity towards DNA polymerase as that of nucleoside phosphorothioates and keeping in mind that the sulfur in phosphorothioate is the largest atom around the phosphorus center while the BH3 is the smallest group around the phosphorus center in boranophosphate (thus the S p configuration in nucleoside phosphorothioate corresponds to R p in nucleoside boranophosphate), we can infer that the first of the two 2'-deoxyguanosine a-borano-5'-triphosphate peaks that eluted from the HPLC profile has the Rp configuration, because this isomer is incorporated much more effectively into DNA by DNA polymerases than the isomer which eluted second (K. W. Porter, F. Huang, D. Briley and B. R. Shaw, unpublished results). Once incorporated into DNA the phosphorus center in an /? p -deoxyguanosine a-boranotriphosphate would adopt the S p configuration due to inversion. We therefore tentatively ascribe the S p configuration to the 5'-phosphate of G12 in our boranophosphatecontaining oligomer.
Influence of boron modification on DNA conformation and thermal stability
We found that boron modification has only minor effects on oligonucleotide DNA conformation. Only minimal differences in T m , AG°, A//° and A5° values between the two types of boron-modified and normal duplexes were observed and the CD spectra for all three duplexes were very similar, typical for the B-form helix. Likewise, conformational changes of the hybrid duplexes must be minimal, since the two types of boron-modified nucleotide triphosphates can be readily incorporated into DNA, as well as extended by DNA polymerase.
The minimal T m , thermodynamic and spectroscopic changes suggest that both the cyanoborane (base-modified) and boranophosphate (backbone-modified) guanosines form normal WatsonCrick type hydrogen bonds, pairing with the complementary cytosine. In a B-form helix the A^-cyanoborane would occupy the minor groove, away from its cytosine pairing partner. In fact, results from mononucleoside base pairing of /v7-cyanoborane guanosine ( 7B G) with normal cytosine studied in chloroform solvent by 'H NMR (41) suggested that 7B G:C can form more stable hydrogen bonds than an unmodified G:C pair. Other factors in addition to hydrogen bonding may also contribute to duplex stabilities, i.e. base stacking interactions, electrostatics and solvent effects. The boranophosphate, by analogy with methylphosphate (1-5) and thiophosphate (8) (9) (10) , is modified on the sugar-phosphate backbone and therefore should not interfere with hydrogen bonding.
A number of studies have demonstrated that once the A7-cyanoborane or a-boranophosphate nucleoside is incorporated into a DNA chain the boron-modified site is quite stable to heat (25-27; K. W. Porter, F. Huang, D. Briley and B. R. Shaw, unpublished results). Both types sustain the high temperature conditions necessary for PCR (25 thermal cycles of 95°C for 1 min, 56°C for 1 min and 72°C for 1 min) and boron is retained in the PCR products (25; K. W. Porter, F. Huang, D. Briley and B. R. Shaw, unpublished results). Additionally, extensive kinetic analyses of deboronation of boron-modified nucleic acids showed that at 55 °C and pH 7 the half-life for deboronation of N7-cyanoborane guanosine is 62 h in a monomer nucleoside (27) and the half-life for hydrolysis of boranophosphate in a d(Tp B T) dinucleotide is ~40 years (27), suggesting that most of the Nl-cyanoborane and boranophosphate remain intact during the melting experiments.
Another factor which could affect duplex stability is the configuration of phosphorus at the a-boranophosphate internucleotide linkage. For the methylphosphonate class of Psubstituted analogs the R p linkage permits greater duplex stability than does the S p configuration and the presence of more R p centers increases the stability of the hybridized complex relative to unmodified duplexes (42, 43) . So far we have incorporated and studied only one boranophosphate-modified guanosine diastereoisomer, for which the configuration has not been determined, although we infer (see above) that we have obtained a single S p boranophosphate linkage in the backbone-modified duplex diat corresponds to the S p conformation of methylphosphonate. It will be important to determine how configuration influences the thermal stabilities of phosphoboronated oligonucleotides and to more completely assess their potential utility in the context of antisense inhibitor applications.
The relatively small perturbations imparted to DNA by either the boranophosphate-or A^-cyanoborane-modified nucleotides, coupled with the previously described ability of these boronated nucleic acids to resist nucleases (23, (25) (26) (27) , suggest that boronated DNA may have potential uses in antisense and gene therapy and make it worthwhile to extend our studies to DNA with boron modifications differing in sequence, length and position. Further studies of salt (31, (44) (45) (46) (47) and solvent dependencies (30, 48) should help in understanding the thermodynamic origins of interactions in the boron-modified duplexes.
